. The anatomical connection between the frontal eye field and the cerebellar hemispheric lobule VII (H-VII) suggests a potential role of the hemisphere in voluntary eye movement control. To reveal the involvement of the hemisphere in smooth pursuit and saccade control, we made a unilateral lesion around H-VII and examined its effects in three Macaca fuscata that were trained to pursue visually a small target. To the step (3°)-ramp (5-20°/s) target motion, the monkeys usually showed an initial pursuit eye movement at a latency of 80 -140 ms and a small catch-up saccade at 140 -220 ms that was followed by a postsaccadic pursuit eye movement that roughly matched the ramp target velocity. After unilateral cerebellar hemispheric lesioning, the initial pursuit eye movements were impaired, and the velocities of the postsaccadic pursuit eye movements decreased. The onsets of 5°visually guided saccades to the stationary target were delayed, and their amplitudes showed a tendency of increased trial-to-trial variability but never became hypo-or hypermetric. Similar tendencies were observed in the onsets and amplitudes of catch-up saccades. The adaptation of open-loop smooth pursuit velocity, tested by a step increase in target velocity for a brief period, was impaired. These lesion effects were recognized in all directions, particularly in the ipsiversive direction. A recovery was observed at 4 wk postlesion for some of these lesion effects. These results suggest that the cerebellar hemispheric region around lobule VII is involved in the control of smooth pursuit and saccadic eye movements.
I N T R O D U C T I O N
Precise eye movements play an important role in both postural and movement control. The vestibuloocular reflex and optokinetic eye movement response play a major role in stabilizing the visual image during movements of animal. Smooth pursuit and saccade eye movements are utilized to voluntarily fixate on the visual image of the target on the central fovea and play an important role in visually guided limb movements in the primate. These eye movements are considered to be under learning control by the brain. Several cerebral and cerebellar areas are known to be involved in the control of smooth pursuit and saccades (e.g., Leigh and Zee 2006) . Ablation, chemical inactivation, and electrical stimulation studies in monkeys suggest that the parietal middle temporal (MT) and medial superior temporal (MST) areas (e.g., Newsome et al. 1985) and the frontal eye field (FEF) (Bruce and Goldberg 1985; Bruce et al. 1985; Keating 1991; Keating et al. 1996; Lynch 1987; Shi et al. 1998 ) are the important cerebral areas for smooth pursuit and saccades. Lesion studies in monkeys suggest that the flocculus-paraflocculus complex (Hiramatsu et al. 2008; Rambold et al. 2002; Zee et al. 1981) and vermal lobule VI/VIIA (Barash et al. 1999; Takagi et al. 1998 Takagi et al. , 2000 are the relevant cerebellar areas. Moreover, lesions in the vermal lobule VI/VIIA impaired the adaptation of saccade amplitude induced by double step paradigms (Barash et al. 1999; Takagi et al. 1998 ). Single-unit recording experiments revealed the presence of smooth pursuit-or saccaderelated neurons in the flocculus-paraflocculus complex (Lisberger and Fuchs 1978; Miles et al. 1981; Nagao 1992; Noda and Mikami 1986; Shidara and Kawano 1993; Stone and Lisberger 1990 ) and vermal lobule VI/VIIA (Kase et al. 1980; Ohtsuka and Noda 1995; Sato and Noda 1992; Suzuki et al. 1981; Thier et al. 2000) . However, these cerebellar areas belong to phylogenetically older areas of the cerebellum (Robinson and Fuchs 2001; Voogd and Barmack 2006) .
Several recent clinical reports have suggested a possible involvement of the cerebellar hemisphere in the control of smooth pursuit and saccades (Leigh and Zee 2006) . Patients with unilateral hemispheric infarction sparing the cerebellar nuclei showed deficits in smooth pursuit eye movements (Straube et al. 1997) . Several functional MRI studies revealed an elevation of blood-oxygen-level-dependent (BOLD) activity in the hemisphere during saccades (Hayakawa et al. 2002) , optokinetic stimulation (Dieterich et al. 2000) , and smooth pursuit in the presence of optokinetic stimulation (Lindner et al. 2006) . Saccade-related neural activity was reported in the monkey cerebellar hemisphere (Marple-Horvat and Stein 1990; Mano et al. 1991 Mano et al. , 1996 . Results of our previous anatomical study on monkeys suggest that the cerebellar hemispheric lobule VII receives mossy fiber inputs issued from the FEF through the pontine nuclei and nucleus reticularis tegmenti pontis and projects to the oculomotor-related cerebellar nuclear areas . These reports consistently indicate that the cerebellar hemisphere may play a role in the control of smooth pursuit and saccades. Here, to reveal the possible role of the cerebellar hemisphere in smooth pursuit and saccade control, we made unilateral lesions in the hemispheric lobule VII in monkeys and examined its effects on the dynamic characteristics and adaptability of the eye movements evoked by step-ramp target motion. Parts of the present study were reported in abstract form .
M E T H O D S

Preparation of animals
Two male and one female Macaca fuscata (5.5-7 kg body wt) were used (M1-M3). Under general anesthesia by intravenous administration of 40 mg/kg (body weight) pentobarbital sodium (Nembutal, Dainippon-Sumitomo Pharma, Tokyo, Japan) and 10 mg/kg ketamine (Ketalar, Daiichi-Sankyo, Tokyo, Japan), these monkeys were surgically implanted with six anchor bolts and a holder for head fixation under aseptic conditions. Sclera search coils (Robinson 1963) were also implanted in the left eyes in these monkeys. After a 1-wk recovery period, these monkeys were trained to sit in a chair with their head fixed and to pursue with their eyes a back-projected target spot moving on a translucent screen placed 45 cm in front for 1-2 h in a dark room. The red spot (size, 0.2°; brightness, 8 cd/cm 2 ) emitted from a laser diode was projected by two galvanometer-driven mirrors that were controlled by a personal computer system (Physio, PhysioTech, Tokyo, Japan) equipped with an ADDA interface. The time resolution of this system was 1 ms. The monkey was rewarded when it kept its gaze within 1.5°around the target. Training was continued for ϳ3 mo before the monkeys were used for the experiments that lasted for 3-5 mo.
Eye movement measurements
The real-time horizontal and vertical positions of the left eye were measured by the sclera search coil method (MEL-2, Enzanshi-Kogyo, Tokyo, Japan) and recorded with a personal computer system (PC-9821, NEC, Tokyo, Japan) at a sampling rate of 1 kHz. The eyeposition signal was calibrated with visually guided saccade tests by requiring the monkey to gaze on a spot presented 5 or 10°right-, left-, down-, and upward before the start of the daily session. Eye position signals were monitored from Ϫ1 to 3 s around the target jump to determine the correct eye position corresponding to the target. During the session of the smooth pursuit test, the target was presented in the center of the screen at random intervals at an average of 7 s. When the monkey fixated on the target projected on the center for Ͼ0.6 s, the target moved in a step mode (step size, 3°) and then moved at a constant velocity (5-20°/s) to either the left, right, down, or up. Leftor rightward (down-or upward) target movement was tested in a randomly mixed manner with equal probability. The monkeys responded to the target movement with an initial smooth pursuit eye movement and a subsequent catch-up saccade that was followed by the postsaccadic smooth pursuit eye movement (Fig. 1A) . The target was extinguished at 250 -500 ms after the onset of the catch-up saccade. When the monkeys pursued the target until the extinction of the target with an accuracy of Ϯ1.5°, they were rewarded with a drop of apple juice. The zones for reward were shifted to the eye positions that were matched to the impaired pursuit eye velocity with an accuracy of Ϯ1.5°after hemispheric lesioning. In monkey M3, upward trials were not carried out because he was unskilled in upward pursuit. During each experimental session, the monkeys received 200 -300 ml apple juice. Evoked eye movements toward step-ramp moving target. A: eye position traces (Eye) while monkey M1 pursued step (3°)-ramp (10°/s) moving target (Target). B: averaged eye position trace aligned at the onset of target motion. The onset of initial smooth pursuit was estimated by the initial flexion point (OE) after the onset of the target motion in the averaged eye position trace. C: positions of target and eye aligned to the midpoint (1) of catch-up saccades. The midpoint of the catch-up saccade (Ts) was defined as the time when the amplitude of the catch-up saccade exceeded 50% of its mean amplitude. D: averaged eye position trace aligned at the midpoint (1) of catch-up saccades. The amplitude of the catch-up saccade (CS) was measured on the averaged eye position trace. The velocity of the postsaccadic smooth pursuit (PSP) was calculated by measuring eye positional changes at 60 -110 ms from the midpoint of the catch-up saccade (Ts). E: averaged eye velocity trace calculated from the eye position trace of C.
Target
To examine the initial smooth pursuit eye movements, eye position traces obtained from 16 trials, free of artifacts due to breaking of pursuit eye movements, were aligned with respect to the onset of target motion (Fig. 1A) . The onset of initial smooth pursuit was estimated by the initial flexion point in the averaged eye-position trace by inspection (Fig. 1B) . To examine the catch-up saccades and postsaccadic smooth pursuit, eye-position traces obtained from 16 trials were realigned with respect to the midpoint of catch-up saccades (Ts, Fig. 1C ). The postsaccadic smooth pursuit velocity (°/s) was calculated as the [(Eye position at 110 ms after Ts) -(Eye position at 60 ms after Ts)]/50 ms. The 60Ϫ110 ms after the midpoint of catch-up saccades was used because the effects from the preceding catch-up saccades and the secondary catch-up saccades on pursuit eye movements were small during this interval (Hiramatsu et al. 2008; Nagao and Kitazawa 1998; Ogawa and Fujita 1997) . The amplitude of the catch-up saccade was measured in averaged eye-position traces as shown in Fig. 1D . The latency of the catch-up saccade was measured in the eye-position traces aligned with respect to the onset of target motion by inspection (Fig. 1A , also see Fig. 3 , E-K). Instantaneous eye velocity (Fig. 1E ) was obtained by electrically differentiating eye position signals with the high-pass filter (cut-off frequency, 100 Hz). Labview version 6 (National Instruments Japan, Tokyo, Japan) software was used for off-line mathematical analyses. For examining the relationship between the eye movement dynamics and ramp target velocities in a particular direction, first, a velocity of 5°/s ramp target was tested for 32 trials, then a velocity of 7.5 or 10°/s for another 32 trials, and finally, a velocity of 10, 15, or 20°/s for another 32 trials. These tests were repeated three to seven times for each direction before and after the hemispheric lesioning. We did not test smooth pursuit toward step-back target movements (e.g., Newsome et al. 1985) in this study.
Adaptation paradigm of postsaccadic pursuit eye movements
Adaptation of postsaccadic pursuit eye movements was examined in the ipsiversive, contraversive, and downward directions by referring to the previous human (Ogawa and Fujita 1997) and monkey (Nagao and Kitazawa 1998) studies. When the monkey fixated for Ͼ0.6 s on the target presented at the center of the screen, the target was stepped by 3°and moved at 10°/s in either left-, right-, or downward direction. When the amplitude of the catch-up saccade recorded by the personal computer reached 50% of the mean catch-up saccade amplitude for that monkey, the target velocity was increased to 20°/s for 250 ms, and then the target was extinguished. When the monkey pursued the target with an accuracy of Ϯ1.5°, it was rewarded with a drop of apple juice. The zones for reward were shifted to the eye positions that were matched to the impaired pursuit velocity with an accuracy of Ϯ1.5°after hemispheric lesioning. These trials were presented at random intervals at an average of 7 s. Left-or rightward (down-or upward) pursuit was tested in a randomly mixed manner with equal probability, and target accelerations were presented in only one direction. The postsaccadic pursuit velocities were measured as described in the preceding text. In this study, 16 trials were termed collectively as one block. The mean postsaccadic pursuit velocity was determined from one block. Usually, two blocks were tested for the control, i.e., preadaptation baseline, and 10 -12 blocks were given for the adaptation paradigm. The mean postsaccadic pursuit velocity for one block of adaptation paradigm was normalized to the mean postsaccadic pursuit for two control blocks. The control and adaptation experiments for the same direction were carried out for each monkey with an interval of Ն3 days to avoid the possible long-term effects of adaptation that may continue Յ24 h (e.g., Robinson et al. 2006; Shutoh et al. 2006 ).
Lesioning of cerebellar hemisphere
Under general anesthesia and aseptic condition, the cranial bone covering the left vermis and hemispheric lobules VI and VII was removed. After sectioning of the dura mater over the vermis and hemisphere, the left hemispheric lobule VII was lesioned by suction under an operating microscope. The defect in the dura mater was covered with an artificial dura mater (Gore-Tex, Gore-Tex Japan, Tokyo, Japan), which was sutured using 6-0 nylon surgical thread in a watertight manner. The defect on the cranial bone was patched with the removed bone, and overlying muscles, fascia, and skin were sutured. After the surgery, antibiotics were given to the monkeys to prevent infection.
After the completion of all the experiments, under deep general anesthesia, the three monkeys were transcardially perfused with saline followed by 10% buffered formol solution. Their brains were removed, and 60-m-thick frozen coronal sections were prepared. The sections were Nissl-stained with 0.1% cresyl violet for standard histological analysis. The significance of the data were evaluated using a standard statistics package (StatView, version 5, SAS Institute). Most of the pre-and postlesion data and the time course of adaptation of smooth pursuit were assessed by using ANOVA for repeated measurements. All efforts were made to minimize the number of monkeys used and their suffering. These experimental protocols followed the Principles of Laboratory Animal Care (National Institutes of Health Publication No. 80-23, revised in 1996) and were approved by the management committees of RIKEN and Jichi Medical Laboratory of Experimental Medicine.
R E S U L T S
Lesions of left hemispheric lobule
We made unilateral lesions of the left cerebellar hemisphere in the three monkeys. According to Larsell and Jansen (1970) , the cerebellar hemispheric lobule VII (H-VII) is divided into H-VIIA (crus I and II) and H-VIIB (paramedian lobule). In monkey M1, most areas of H-VIIA and H-VIIB were lesioned except for their most medial portions adjacent to the vermal lobuli VI, VIIA, VIIIA, and VIIIB. The caudal area of H-VI (simple lobule) and a small area of rostromedial H-VIIIA adjacent to H-VIIB were also lesioned (Fig. 2 , A-D and K). In monkey M2, most areas of H-VIIA and H-VIIB, a small caudal area of H-VI adjacent to H-VII, and a small area of rostromedial H-VIIIA were lesioned (Fig. 2 , E-G and K). In monkey M3, the caudolateral half area of H-VIIA, the central area of H-VIIB and a small area of the rostro-medial H-VIIIA were lesioned, while H-VI was intact (Fig. 2 , H-J and K). Vermis and cerebellar nuclei were intact in all the three monkeys. Thus the lesions covered mainly the H-VIIA and H-VIIB and included the caudal area of H-VI adjacent to H-VII and a small area of rostromedial H-VIIIA (Fig. 2K ).
All the monkeys could hold their gaze without any nystagmic eye movements both before and after lesioning and did not show any gaze-holding difficulties for fixating on the target, except for small slow eye-position drifts seen while they were fixating on the stationary target. These drifts were observed at 1-2 days after lesioning (not shown in figures), and disappeared within 1-3 days. Dynamic characteristics and adaptability of smooth pursuit were tested for 1 mo postlesion after the disappearance of such drifts. We did not systematically examine limb movements after lesioning, but we observed no abnormalities in their daily behaviors, such as postural instability while standing and sitting in the cage, slowness in reaching their left hand for the food tray, or clumsiness in picking up food pellets with their fingers.
Effects on smooth pursuit eye movements
To the step (3°)-ramp (5-20°/s) target motion, the monkeys showed initial brief accelerating pursuit eye movements usually 80 -140 ms after the onset of target motion until the catch-up saccade occurred before lesioning (Figs. 3 and 4). After hemispheric lesioning, the initial pursuit was depressed in all directions in monkey M1, as shown in Fig. 3 , E-H. In particular, the initial pursuit in the ipsiversive (leftward) direction was so much depressed that it could not be clearly differentiated from the following catch-up saccades (Fig. 3E) . However, the onset of initial pursuit in the contraversive (rightward) and downward directions, estimated by the flexion points on the averaged eye position traces in Fig. 3 , F and G, was delayed only a little. The initial pursuit was also depressed in monkey M3 in the ipsiversive, contraversive and downward directions (Fig. 3, I -K). The onset of initial pursuit in the ipsiversive direction, which had been exceptionally early (ca. 20 ms after the onset of target motion) before lesioning, was delayed to ca. 90 ms after lesioning (Fig. 3I ), whereas those in the contraversive and downward directions were not much delayed (Fig. 3, J and K) . In monkey M2, the durations of the initial pursuit were generally short (Ͻ40 ms), so that changes related to lesioning were not clearly seen (not shown in figures).
Postsaccadic pursuit eye movements were depressed by hemispheric lesioning (Figs. 3 and 4) . We quantified the postsaccadic pursuit velocities at 60 -110 ms after the midpoints of catch-up saccades because effects of secondary catch-up saccades, which were very frequently induced after hemispheric lesioning, were comparatively small in this time window. Before hemispheric lesioning, postsaccadic pursuit velocities were dependent on the target velocity in all the directions (P Ͻ 0.05, Kruskall-Wallis ANOVA, Fig.  5 ). The velocity of the upward postsaccadic pursuit was low compared with those of the other directions in these three monkeys (Figs. 3D and 4D ). The average velocities were 5.9 Ϯ 0.1°/s (mean Ϯ SE of 3 or 4 directions) for 5°/s ramp target velocity, 9.2 Ϯ 0.1°/s for 10°/s, 12.2 Ϯ 0.1°/s for 15°/s, and 15.6 Ϯ 0.1°/s for 20°/s on the average for the three monkeys in the ipsiversive, contraversive, and downward directions. Thus the postsaccadic pursuit velocities measured shortly after the catch-up saccades were slightly hypermetric at 5°/s ramp target velocity, and hypometric at target velocity Ͼ10°/s, in accordance with the previous report on monkeys (Hiramatsu et al. 2008 ; Nagao and Kitazawa 1998) and humans (Ogawa and Fujita 1997) . As shown in Figs. 4A and 5A, velocities of the postsaccadic pursuit in the ipsiversive direction decreased on average by 27% for 5-20°/s ramp target velocities (P Ͻ 0.01, ANOVA for repeated measurements) at 2 wk postlesion in monkey M1. A decrease in the velocities of the postsaccadic pursuit in the ipsiversive direction was also observed in monkeys M2 and M3 (P Ͻ 0.01, Fig. 5 , E and I). These depressant effects on the postsaccadic pursuit velocity in the ipsiversive direction were observed at 4 wk postlesion in monkeys M1 and M3 (P Ͻ 0.01) but recovered in monkey M2. The depressive effects on postsaccadic pursuit were large at relatively fast (15-20°/s) target velocities in monkeys M1 and M3 (Fig. 5, A and I) .
Hemispheric lesioning also affected velocities of the postsaccadic pursuit eye movements in the other directions. The velocity of contraversive pursuit decreased in all the three In E-H, the initial smooth pursuit eye movements and the onsets of catch-up saccades before (prelesion) and at 2 wk postlesion (postlesion) in A-D are shown, respectively. Red curves show the averaged eye position traces. I-K: similar to E-G but for data of monkey M3 to step (3°)-ramp (10°/s) target motion. Red triangles show the onsets of initial pursuit estimated by the flexion points on the averaged eye position traces. In monkey M1, the initial pursuit was not clearly differentiated from catch-up saccades after lesioning, so that its onset could not be estimated (E). Black triangles indicate mean onset time for the catch-up saccades. Note that the onsets of catch-up saccades were delayed in both 2 monkeys. Scale bars, 100 ms and 5°(A-D) or 1°(E-K).
monkeys at 2 wk postlesion. The decrease of velocity was still detectable at 4 wk postlesion in monkeys M1 and M2 (P Ͻ 0.01, Fig. 5, B, F, and J) . The velocity of downward pursuit decreased in monkeys M2 (P Ͻ 0.05) and M3 (P Ͻ 0.01), which recovered at 4 wk postlesion (Fig. 5, G and K) . The velocity of upward pursuit decreased in monkey M1 at 2 and 4 wk postlesion (P Ͻ 0.01, Fig. 5D ). To summarize, unilateral hemispheric lesioning markedly depressed the velocity of the postsaccadic pursuit in the ipsiversive direction and moderately affected those in the other directions.
Effects on visually guided saccades
In this study, we focused on eye movements induced by step-ramp away target motion, and measured visually guided saccades to a stationary target only for calibrating eye positions before starting the daily sessions. Figure 6 shows examples of 5°visually guided saccades in the four directions before and after hemispheric lesioning. The mean amplitudes and latencies were 4.2-5.1°and 155Ϫ184 ms in monkeys M1 and M2 before lesioning (Fig. 6, A-H) . Monkey M1 often made postsaccadic drifts in horizontal directions or presaccadic drifts in vertical directions that may be due to overtraining to step-ramp moving target motions.
After unilateral hemispheric lesioning, visually guided saccades were impaired (Figs. 6 and 7) . In monkey M1, the onsets were delayed in all directions by 12-46 ms (P Ͻ 0.05 for the ipsiversive direction, P Ͻ 0.01 for the other 3 directions; Welsh t-test) at 2 wk postlesion (Figs. 6, A-D,  and 7A) . The amplitudes showed a tendency of increased trial-to-trial variability in four directions that was indicated by an increase in the coefficients of variation (SD/mean) of the amplitudes (0.032-0.074 at prelesion vs. 0.091-0.112 at 2 wk postlesion). However, no hypo-or hypermetria was recognized (Fig. 6, A-D) . In monkey M2, the onsets of saccades in the four directions were also delayed at 2 wk postlesion (P Ͻ 0.01 for the ipsiversive, downward and upward directions, P Ͻ 0.05 for the contraversive direction, Figs. 6, E-H, and 7B). The amplitudes showed a slight tendency of increased trial-to-trial variability in the ipsiversive and downward directions (coefficients of variation of amplitudes, 0.063-0.064 at prelesion vs. 0.068 -0.084 at 2 wk postlesion), but no hypo-or hypermetria was recognized except for the upward direction in which the amplitudes decreased from 5.1 Ϯ 0.1 to 4.6 Ϯ 0.1°(P Ͻ 0.05, Fig. 6H ). The mean amplitudes and latencies of monkey M3 were 4.6 -4.9°and 126 -160 ms, which are nearly within the range of express saccades, before lesioning. The onsets were delayed by 35-55 ms in the three directions (P Ͻ 0.01) at 2 wk postlesion (Fig. 7C ), but the amplitudes were not hypoor hypermetric except for a slight increase in the trial-totrial variability in the ipsiversive direction (not shown in figures). Some recovery was recognized in the delays of the onsets of visually guided saccades at 4 wk postlesion in these three monkeys (Fig. 7, A-C) . Thus lesions of unilateral hemisphere delayed the onset of 5°visually guided saccades and decreased precision in their amplitudes. As the eye fixation on the central target before target jump was not so much impaired after lesioning (Fig. 6, A-H) , the possibility that the decrease in saccade amplitude precision might be induced by the less rigid eye position control was very small.
Effects on catch-up saccades
To step (3°)-ramp (5-20°/s) target movements, the three monkeys responded with 3-5°catch-up saccades at the latencies of 140 -260 ms (Fig. 3) , which were not dependent on the target velocities or directions except for the downward direction in monkey M1 (Figs. 3C and 7D ). The amplitudes of the catch-up saccades were slightly dependent on the ramp target velocities in these three monkeys: 3.5 Ϯ 0.2°for 5°/s, 4.2 Ϯ 0.2°for 10°/s, 4.8 Ϯ 0.4°for 15°/s, and 5.7 Ϯ 0.4°for 15°/s on the average in the ipsiversive, contraversive, and downward directions.
After unilateral hemispheric lesioning, onsets of catch-up saccades were delayed in all directions (Fig. 3) . As summarized in Fig. 7D , the onsets of catch-up saccades were delayed by 16 -50 ms in monkey M1 (P Ͻ 0.01) in all the directions at 2 wk postlesion. Delays were still present at 4 wk postlesion in the ipsiversive (P Ͻ 0.05), contraversive (P Ͻ 0.05), and upward (P Ͻ 0.05) directions. In monkey M2, the onsets of catch-up saccades were delayed in the ipsiversive (P Ͻ 0.05), downward (P Ͻ 0.01), and upward (P Ͻ 0.01) directions by 10 -44 ms at 2 wk postlesion. Delays were still present at 4 wk postlesion for the ipsiversive (P Ͻ 0.05) and downward (P Ͻ 0.01) directions (Fig. 7E) . In monkey M3, the onsets of catch-up saccades in the ipsiversive (P Ͻ 0.01), contraversive (P Ͻ 0.05) and downward (P Ͻ 0.01) directions were delayed by 14 -73 ms at 2 wk postlesion. Again, these delays were still observable at 4 wk postlesion for the downward (P Ͻ 0.01) direction (Fig. 7F) . These delays in the onsets of catch-up saccades may not be the secondary effects induced by the depressed initial pursuit eye movements, because onsets of the 5°visually guided saccades to the stationary target were also delayed after hemispheric lesioning. The effects of hemispheric lesioning on the amplitudes of catch-up saccades were mild, as shown in Figs. 3 and 4 (also, see Fig. 8 ). The amplitudes of catch-up saccades increased by 7.8% on the average in the four directions for monkey M1 but did not increase or decrease in the other two monkeys. Thus lesions of unilateral hemisphere delayed the onsets of both the visually guided and catch-up saccades in the four directions and decreased precision in the amplitudes of visually guided saccades.
Effects on adaptations of postsaccadic smooth pursuit velocity
The adaptation of postsaccadic smooth pursuit velocity was tested by presenting repeated accelerations of target ramp velocity from 10 to 20°/s for 250 ms at the midpoint of catch-up saccades in the ipsiversive, contraversive, and downward directions, respectively. We did not test adaptation in the upward direction because pursuit velocity in upward direction was generally slow compared with those in the other directions (Fig. 5) . Before the hemispheric lesioning, all the three monkeys showed an adaptive increase in postsaccadic smooth pursuit velocity by 25-60% after 100 -160 adaptation trials (Figs. 8 and 9 ). At the beginning of the adaptation trials, the monkeys could not follow the target well and often showed secondary catch-up saccades (e.g., Fig. 8, B and F) . However, after 96Ϫ128 adaptation trials, the postsaccadic smooth pursuit velocity at 0 -100 ms after the target acceleration gradually increased, implying that the monkeys could accelerate smooth pursuit without using actual perceived target motion signals by learning (Fig. 8, C and D and G and H) . The postsaccadic smooth pursuit velocity increased by 50 -60% on average in the 10th block (after 160 adaptation trials, Fig. 9 , J-L) in all of the three directions. We tested the adaptation of postsaccadic pursuit velocity in the three monkeys at 1-4 wk postlesion, twice for each direction. Hemispheric lesioning depressed adaptation of postsaccadic smooth pursuit velocities. In monkey M1, the postsaccadic smooth pursuit velocity in the ipsiversive direction did not adaptively increase at 2 and 4 wk postlesion (see Fig. 8, K and L) . In monkeys M2 and M3, in which the depressant effects of hemispheric lesioning on the postsaccadic smooth pursuit velocity were relatively mild (Fig.  5) , the adaptation of postsaccadic smooth pursuit velocity in the ipsiversive direction was also impaired at 2 and 4 wk postlesion (Fig. 8, O and P, also see Fig. 9, D and G) . In monkey M2, the pursuit velocity increased gradually 150 ms after target acceleration during adaptation trials (Fig. 8P) , implying that monkey M2 could accelerate the smooth pursuit velocity using perceived target motion signals. The early component of smooth pursuit might be preferentially impaired after hemispheric lesion in monkey M2. Because we examined adaptations only twice after lesioning for each monkey, we could not evaluate the lesion effects statisti- cally for each monkey. Instead we evaluated the statistical significance of the lesion effects on the pooled data obtained from the three monkeys. Figure 9J shows the averaged adaptation curves in the ipsiversive direction for the three monkeys before and after hemispheric lesioning. The adaptations of postsaccadic smooth pursuit velocity were depressed significantly at the group level (P Ͻ 0.01, ANOVA for repeated measurements).
We also tested the adaptation of postsaccadic smooth pursuit velocity in the contraversive and downward directions. The adaptation of postsaccadic smooth pursuit velocities in the contraversive (Fig. 9, B, E, and H) and downward (C, F, and I) directions were impaired at both 2 and 4 wk postlesion in monkeys M1 and M2 but not in monkey M3.
This may be a consequence of the smaller lesion size (Fig.  2K) . Statistical significance was obtained in terms of depressant effects in the downward direction (P Ͻ 0.05, Fig.  9L ) but not in the contraversive direction (P Ͼ 0.05, Fig.  9K ) in the pooled data of these three monkeys. To summarize, lesions of hemisphere impaired the adaptation of postsaccadic smooth pursuit velocity in the ipsiversive and downward directions.
D I S C U S S I O N
We used a brief (0.4 -0.5 s) step-ramp target motion to examine smooth pursuit and saccadic eye movements. To step-ramp target motion, the monkey showed an initial slow accelerating pursuit, later a small catch-up saccade and a postsaccadic smooth pursuit that roughly matched the target velocity. The latency of pursuit onset was usually 80 -140 ms (also see Hiramatsu et al., 2008; Nagao and Kitazawa 1998) . However, one monkey (M3) started its ipsiversive pursuit already 20 ms after the onsets of target motion (Fig. 3) . This may be due to overtraining that may allow the monkey to predict target motion. The initial pursuit seems to be facilitated by training. The initial pursuit was not reported in Newsome et al. (1985) in which three different target motions (step, step-ramp away, and step-ramp toward motions) were randomly used for tests of smooth pursuit. We made unilateral lesions in the cerebellar hemispheric lobule VII (H-VII) and in a small portion of VI (H-VI) adjacent to the H-VII in three rhesus monkeys. The cerebellar nuclei were spared in all these monkeys. The initial pursuit eye movements in the ipsiversive, contraversive and downward directions were depressed in two monkeys, and their onsets were delayed in the ipsiversive direction in one monkey (Fig. 3) . The postsaccadic smooth pursuit velocities in the ipsiversive and contraversive directions decreased at 2 wk postlesion (Figs. 4 and 5) . They recovered in one monkey at 4 wk postlesion. The downward postsaccadic pursuit velocity also decreased at 2 wk postlesion. It recovered in two monkeys at 4 wk postlesion. The upward postsaccadic smooth pursuit velocity decreased in one of the two monkeys. The depressive effects were recognized on smooth pursuit velocities Յ200 ms after the onsets of catch-up saccades (Fig. 3) . The onsets of visually guided and catch-up saccades were delayed in all the directions at 2 wk postlesion and partially recovered at 4 wk postlesion. The amplitudes of visually guided saccades showed a tendency of increased trial-to-trial variability but did not show any hypo-or hypermetria (Figs. 6 and 7) . The adaptation of postsaccadic smooth pursuit velocity, which was induced by repeated presentations of a brief acceleration of the target, was impaired in the ipsiversive and downward direction (Figs. 8 and 9 ). The depressant effects on smooth pursuit and saccade eye movements were most prominent in monkey M1 in which the extent of the lesion was largest (Fig. 2) , but the recovery and lesion size did not seem to be correlated in the other two monkeys. There is a possibility that some of these depressant effects might be enhanced by the imbalance caused by unilateral lesions. The results of our studies suggest that the cerebellar hemisphere (H-VI/VII) may be involved in smooth pursuit velocity and saccade timing/precision control.
Voluntary eye movement control by oculomotor cerebellum
It is well known that the monkey paraflocculus-flocculus complex and vermis are involved in voluntary eye movement control. Bilateral lesions of the flocculi and ventral paraflocculi decreased the gain of smooth pursuit (Rambold et al. 2002; Zee et al. 1981) . Unilateral lesions of the lobulus petrosus paraflocculus decreased postsaccadic smooth pursuit velocity (Hiramatsu et al. 2008) . Simple spikes in the flocculusparaflocculus complex are modulated by smooth pursuit or ocular following eye movements (Lisberger and Fuchs 1978; Miles et al. 1981; Nagao 1992; Noda and Mikami 1986; Shidara and Kawano 1993; Stone and Lisberger 1990) . Bilateral lesions of vermal lobules VI/VIIA induced saccade hypometria, slightly delayed saccade onsets (Takagi et al. 1998; Barash et al. 1999) , and decreased smooth pursuit velocity (Takagi et al. 2000) . Simple spike activity in the vermal lobulus VI/VIIA are modulated by saccade (Catz et al. 2005; Kase et al. 1980; Ohtsuka and Noda 1995; Sato and Noda 1992; Thier et al. 2000) and smooth pursuit eye movements (Suzuki and Keller 1988a,b; Suzuki et al. 1981) . Microstimulation within the vermal lobule VI/VIIA induced quick eye movements (Fujikado and Noda 1987; Noda and Fujikado 1987; Yamada and Noda 1987) . Results of the present lesion study may add the cerebellar hemisphere (H-VI/VII) as a new member of the oculomotor cerebellum.
Cerebellar hemisphere and smooth pursuit control
The anatomical connections of H-VI/VII with neural circuitry for smooth pursuit are rather different from those of paraflocculus and vermis. The H-VII receives input from the FEF via the dorsolateral (DLPN) and dorsomedial (DMPN) pontine nuclei, and the nucleus reticularis tegmementi pontis (NRTP) . Meanwhile the lobulus petrosus paraflocculus and the dorsal and ventral paraflocculi receive inputs from the middle temporal (MT) and medial superior temporal (MST) areas via the DLPN and NRTP (Glickstein et al. 1994; Nagao et al. 1997; . On the other hand, the vermal lobule VI/VIIA receives input from the DLPN, which are connected with FEF and MT/MST (Thielert and Thier 1993) . Lesions or inactivation of the DLPN or NRTP depressed the velocity of smooth pursuit (May et al. 1988; Suzuki et al. 1999) , and neurons in the DLPN, DMPN, and NRTP showed responses related to smooth pursuit (Dicke et al. 2004; Mustari et al. 1988; Ono et al. 2004; Suzuki and Keller 1984; Suzuki et al. 2003; Thier et al. 1988 ). These observations suggest that the FEF-cerebellar hemisphere pathway may constitute one distinct cerebro-cerebellar loop for the control of smooth pursuit. The H-VII issues its output to the parvocellular regions within the dentate and posterior interpositus nuclei . Electrical stimulation of specific small portions of the dentate evoked slow oblique or vertical eye movements in monkeys (Chubb and Fuchs 1982; Ron and Robinson 1973) . In our preliminary microstimulation study, we observed long-latency stimulation-induced slow or quick eye movements in oblique directions in H-VI/VII (Kitazawa et al. 2005) . A unit recording study reported that most of monkey dentate neurons showed responses to vertical or oblique smooth pursuit, and only a small number of them showed responses to horizontal smooth pursuit (Chubb and Fuchs 1982) . However, unilateral lesions of H-VI/VII depressed both the horizontal and vertical smooth pursuit (Fig. 5) . Hence whether the H-VI/VII-parvocellular dentate/interpositus system is preferentially involved in the vertical or horizontal smooth pursuit remains open. There is a possibility that the FEF-hemisphere pathway may provide feedback to FEF as a transneural tracing anatomical study suggested that the monkey dentate nucleus issues outputs to the FEF via the thalamic ventral lateral nuclei (Lynch et al. 1994 ). However, we do not at present know whether the dentate neurons that receive direct input from the H-VI/VII actually send their output to FEF.
The present study revealed that unilateral lesions of H-VI/ VII depressed the adaptation of smooth pursuit velocity. Takagi et al. (2000) reported that lesions of the bilateral vermal lobule VI/VIIA depressed the adaptation of smooth pursuit velocity by half. Optican et al. (1986) reported that bilateral lesions of the flocculus and ventral paraflocculus depressed the adaptation of the ocular following eye movements. H-VII , vermal lobule VI/VIIA (cat, Kyuhou and Matsuzaki 1991; monkey, Nagao et al. 2003) , and ventral paraflocculus and flocculus (e.g., Nagao et al. 1997 ) receive climbing fibers from the caudal part of medial accessory olive (MAO), which is the source of retinal slip signals that are necessary for adaptation of ocular reflex (e.g., Ito 1984; Maekawa and Simpson 1973) . The caudal MAO may also play a role in the adaptation of smooth pursuit velocity. One important feature of the adaptation of smooth pursuit velocity is that learning occurred rather rapidly. The postsaccadic pursuit velocity in this study increased by 20% within only 16 trials and by 50% after 100Ϫ20 trials (Fig. 9) . This is in contrast to the adaptation of saccades (e.g., Robinson et al. 2006) or ocular reflexes (e.g., Shutoh et al. 2006) , which require Ͼ500 trials to induce significant learning. One possible explanation for that discrepancy is that the parallel availability of cerebellar pathways for smooth pursuit control may speed up learning. Another possibility is that the monkeys might acquire a prediction strategy for the target acceleration during 100 trials.
Cerebellar hemisphere and saccade control
Lesions of unilateral H-VI/VI delayed the onsets of both the visually guided and catch-up saccades in all directions by 10 -60 ms (Fig. 7) . These delays might be explained by the reduced motivation to saccade tasks after brain surgery. However, given that simple spike activities in the hemisphere transiently increased or decreased around the onsets of saccades (Mano et al. 1991; Marple-Horvat and Stein 1990) , we would relate these delays to the loss of Purkinje cells in this area. Lesions of H-VI/VII also affected the onsets of smooth pursuit, but their effects were rather different: the onsets of the ipsiversive pursuit were exceptionally early before lesionings in one monkey (M3) and returned to normal range after H-VI/VII lesions, while the onsets of initial pursuit for other directions were not changed in either of two monkeys (Fig. 3) . Moreover, the latency of visually guided saccades in the ipsiversive direction in monkey M3 was slightly short for the ordinal saccades and returned to normal range after H-VI/VII lesions. One possible interpretation is that the training-induced prediction-based eye movements might be dependent on the cerebellar hemisphere. Several laboratories suggested that the cerebellar hemisphere is involved in timing control. Ohyama and Mauk (2001) suggested that the rabbit H-VI may play a role in timing control of eye blink reflex. Human imaging studies suggest that hemispheric lobule IV-VI (Kawashima et al. 2000) and posterior hemisphere (Dreher and Grafman 2002; Jueptner et al. 1995; Tracy et al. 2000) showed activity related to timing control of forelimb movements.
Unilateral H-VI/VII lesions induced no hypo-or hypermetria but showed a tendency of increased trial-to-trial variability in the amplitudes of visually guided saccades. A lack of hypometria is contrasting to those of vermal lesions: Takagi et al. (1998) reported amplitudes of saccades are decreased by 40%, and also Barash et al. (1999) reported a severe hypometria. However, hypometria recovered completely after 3-12 mo, whereas a loss of adaptation of saccade amplitudes stayed Յ1 yr after bilateral vermal lobule VI/VIIA lesions. Singleunit recording studies revealed that simple spike activity in the vermal lobule VI/VIIA are related to saccades (e.g., Ohtsuka and Noda 1995) . Thier et al. (2000) reported that the amplitude and duration of saccades is encoded by the population responses of vermal simple spikes rather than by individual Purkinje cell activity. Complex spikes in the vermis were related to the adaptation of saccade amplitudes (Catz et al. 2005; Soetedj and Fuchs 2006) . These observations suggest that the vermis may play a specific role in control of saccade amplitude or duration. Detailed single-unit studies will be needed to consider how the H-VI/VII is related to saccade control, and how its role is different from that of vermis.
The lateral part of the cerebellar hemisphere has been repeatedly suggested to be involved in not only motor control but also cognitive functions. Human imaging studies revealed that saccades in the presence of optokinetic stimulation, which require stronger visual-spatial attention than those in the absence of optokinetic stimulation (Dieterich et al. 2000) , and the sequences of memory-guided saccades, which require visualspatial working memory (Heide et al. 2001; Nitschke et al. 2005) , enhanced the activities of the hemisphere compared with those during simple visually guided saccades. Lindner et al. (2006) reported that the crus II in the hemisphere, as well as the frontal and parietal cortical areas, increased activities to the perceptual cancellation of smooth-pursuit-induced visual motion in human beings. These studies consistently indicated that the cerebellar hemisphere may play a role in the visual perception during voluntary eye movements. Thus a possibility is suggested that some of the oculomotor deficits that we observed after hemispheric lesions may be related to such a cognitive role of the cerebellum.
